Caleosins or related sequences have been found in a wide range of higher plants. In Arabidopsis, seed-specific caleosins are viewed as oil-body (OB)-associated proteins that possess Ca 2+ -dependent peroxygenase activity and are involved in processes of lipid degradation. Recent experimental evidence suggests that one of the Arabidopsis non-seed caleosins, AtCLO3, is involved in controlling stomatal aperture during the drought response; the roles of the other caleosin-like proteins in Arabidopsis remain largely uncharacterized. We have demonstrated that a novel stress-responsive and OB-associated Ca 2+ -binding caleosinlike protein, AtCLO4, is expressed in non-seed tissues of Arabidopsis, including guard cells, and down-regulated following exposure to exogenous ABA and salt stress. At the seed germination stage, a loss-of-function mutant (atclo4) was hypersensitive to ABA, salt and mannitol stresses, whereas AtCLO4-overexpressing (Ox) lines were more hyposensitive to those stresses than the wild type. In adult stage, atclo4 mutant and AtCLO4-Ox plants showed enhanced and decreased drought tolerance, respectively. Following exposure to exogenous ABA, the expression of key ABA-dependent regulatory genes, such as ABF3 and ABF4, was up-regulated in the atclo4 mutant, while it was down-regulated in AtCLO4-Ox lines. Based on these results, we propose that the OB-associated Ca 2+ -binding AtCLO4 protein acts as a negative regulator of ABA responses in Arabidopsis.
Introduction
Plants are sessile organisms constantly challenged by a wide spectrum of environmental stresses, including high salinity and drought. These stresses cause considerable losses in crop yields worldwide, generally accompanied by serious economic and social consequences. To cope with environmental stresses, plants have developed a number of mechanisms, including the hormonal regulation of gene expression and developmental processes. ABA has been identified as an essential plant hormone (Bostock 2005 , Fujita et al. 2006 ) that plays crucial roles in many aspects of plant growth and development, including seed maturation, dormancy and germination, and in plant responses to various environmental challenges, such as drought and high salinity (Zhu 2002, Yamaguchi-Shinozaki and . It also functions in the regulation (opening/closing) of the stomatal aperture and transpirational water loss (Pospíšilová et al. 2009 ) as well as in callose deposition as a response to pathogen attack (You et al. 2010) . ABA signaling has been intensively studied through the characterization of numerous cellular components and several mutants that modulate ABA responses (Himmelbach et al. 2003 , Fan et al. 2004 . For example, the mutants ABA insensitive1 (abi1) and abi2, which are defective in genes encoding protein phosphatase 2C (PP2C)-like enzymes, were found to be insensitive to ABA during germination, and their guard cells did not respond to ABA (Gosti et al. 1999 ). There is a substantial body of evidence suggesting that Ca 2+ is one of the important intermediate components in ABA-induced responses (Fan et al. 2004 , Hu et al. 2005 . However, many of the components of ABA signaling and the regulatory mechanisms mediated by Ca 2+ remain to be elucidated. Ca 2+ is a universal second messenger in plants, acting as a mediator of stimulus-response coupling in the regulation of growth, development and responses to environmental stresses (Hepler 2005) . In response to various environmental stimuli, the cytosolic Ca 2+ concentration in the plant increases rapidly.
These increases are sensed by several Ca 2+ sensors, including calmodulins (CaMs) and other calcium-binding proteins (CaBPs) . Upon binding to calcium, a CaBP undergoes a conformational change, following which it binds to its target protein, thereby modulating the activity of the target protein or changing its own activity if it is an enzyme (Tuteja and Mahajan 2007) . Most CaBPs contain the paired calcium-binding EF-hand motifs, but several CaBPs with a single EF-hand motif, such as caleosins, have also been identified in higher plants, including Arabidopsis (Naested et al. 2000) , rice (Frandsen et al. 1996) , barley (Liu et al. 2005) , sesame (Chen et al. 1999 , Lin et al. 2002 , rapeseed (Jolivet et al. 2009 ) and olive (Zienkiewicz et al. 2010) .
Six caleosin-like genes have been identified in the Arabidopsis genome, namely AtCLO1-AtCLO6 (Partridge and Murphy 2009). To date, possible roles for only AtCLO1 and AtCLO3 have been reported. Since AtCLO1 (At4g26740) is exclusively expressed during seed development and its expression is not affected by exogenous ABA or osmotic stresses in vegetative tissues (Naested et al. 2000) , most research on its product, AtCLO1, has focused on characterizing its association with oil-bodies (OBs) and its seed-specific roles. AtCLO1 has been found to actively participate in the degradation of storage lipid in OBs (Poxleitner et al. 2006) and to have a Ca 2+ -dependent peroxygenase activity that may be involved in the oxylipin signaling pathways and plant defense responses (Hanano et al. 2006) . In comparison, the expression of AtCLO3 (At2g33380), known to be a non-seed caleosin isoform, is induced by drought, high salinity and ABA (Takahashi et al. 2000, Partridge and Murphy 2009) , as shown in the atclo3 mutant (referred to as rd20), which has a reduced tolerance to these stresses relative to the wild type (WT) (Aubert et al. 2010) .
In the study reported here, we identified AtCLO4 (At1g70670) as a stress-responsive and OB-associated non-seed caleosin-like protein that is capable of binding to Ca 2+ and which is expressed in all major plant tissues. Using the reverse genetic approach, we obtained experimental data supporting the role of AtCLO4 as a negative regulator in ABA signaling in Arabidopsis.
Results
AtCLO4 is an OB-associated Ca 2+ -binding protein
All caleosins contain a single conserved Ca 2+ -binding domain, known as an EF-hand, which is capable of binding a single Ca 2+ ion (Frandsen et al. 1996) , and a central hydrophobic region with a potential OB-binding domain. A search of the SMART database (http://smart.embl-heidelberg.de/) revealed that AtCLO4 protein also contains these conserved domains for caleosins. To confirm its Ca 2+ -binding ability, we expressed the full coding region of AtCLO4 cDNA with the histidine tag in Escherichia coli. Analysis of the gene products by electrophoretic mobility shift assay (EMSA) revealed that the purified recombinant AtCLO4 protein migrated faster in the presence of 2 mM CaCl 2 than in the presence of 10 mM EGTA, a calcium-chelating agent (Fig. 1A) , thereby demonstrating that the AtCLO4 protein possesses Ca 2+ -binding ability.
To determine AtCLO4 localization experimentally, we generated constructs of 35S:smGFP and 35S:AtCLO4::smGFP, and introduced these into onion epidermal cells by particle bombardment. Fluorescence of 35S:AtCLO4::smGFP was observed in small spherical organelles throughout the cytoplasm (Fig. 2B ). When stained with Nile Red, an OB-specific stain (Aubert et al. 2010) , the punctuate fluorescence of the dye overlapped with the 35S:AtCLO4::smGFP fluorescence signals (Fig. 2B) , indicating that AtCLO4 is localized to OB. On the other hand, the control small modified green fluorescent proteins (smGFPs) were uniformly distributed throughout the onion epidermal cell ( Fig. 2A) . AtCLO4 is dominantly expressed in vascular bundles in most organs as well as in the guard cells
As a first step towards identifying the role of AtCLO4, we examined its expression in various plant tissues, including the root, stem, cauline leaf, rosette leaf and flower, by reverse transcription-PCR (RT-PCR) analysis. AtCLO4 was expressed in all tested tissues, but its expression in flower tissue was relatively stronger (Fig. 1B) .
To confirm the rather precise spatial expression pattern of AtCLO4, we generated Pro AtCLO4 :GUS transgenic lines harboring the b-glucuronidase (GUS) reporter gene fused with a 2,880 bp region upstream of the translational start site that contained the putative AtCLO4 promoter. Consistent with the RT-PCR results, the AtCLO4 gene promoter drove GUS expression in most tissues across all developmental stages (Fig. 3) . In germinating and germinated seeds (Fig. 3B-D) , strong GUS expression was readily detected in most parts of the seed radicle and in the vascular bundles of the cotyledon; in contrast, GUS expression was rarely detected in dry seeds (Fig. 3A) . This preferential expression in vascular bundles was maintained in the root as well as in the first and second rosette leaves at the seedling stage (Fig. 3E) . At the reproductive stage, GUS expression was detected in the vascular bundles of cauline ( Fig. 3F ) and rosette leaves (Fig. 3G) and was also clearly visible in the guard cells (Fig. 3H, I ). Transverse section analysis revealed GUS expression in the phloem cells of the stem (Fig. 3J, K) as well as in the vascular bundles of the root (Fig. 3L, M) . In flowers, GUS activity was observed in the vascular bundles of the petal (Fig. 3P) , sepal ( Fig. 3Q) and filaments of the stamen (Fig. 3R) , as well as in the stigma and style (Fig. 3S) , flower abscission zone (Fig. 3O) and funiculi (Fig. 3T) .
Analysis of these expression patterns revealed that AtCLO4 was dominantly expressed in the vascular bundles of most organs as well as in the guard cells of leaves, indicating that AtCLO4 protein was functionally active not only during the germination process but also at the vegetative and reproductive stages.
The atclo4 mutant and AtCLO4-overexpressing lines are not morphologically different from the WT under normal conditions
To investigate the biological role of AtCLO4, we obtained a T-DNA-tagged loss-of-function mutant of AtCLO4 (SALK_090861, designated as atclo4) from the Arabidopsis Biological Resource Center (ABRC). T-DNA was inserted in the second exon of atclo4 (Fig. 4A) , and its homozygous line was screened. RT-PCR analysis using AtCLO4 gene-specific primers revealed that the atclo4 mutant did not express AtCLO4 (Fig. 4B) . Transgenic Arabidopsis plants that constitutively overexpress AtCLO4 under the control of the cauliflower mosaic virus (CaMV) 35S promoter (AtCLO4-Ox) were also generated. Three independent T 3 homozygous lines (named Ox4-3, Ox6-6 and Ox7-1, respectively) were selected for further analysis; high transgene expression of AtCLO4 in these lines was verified by RT-PCR (Fig. 4C) . The seeds of the three genotypes (WT, atclo4 mutant and AtCLO4-Ox lines) were germinated and grown under normal conditions. Subsequent examination revealed that the plants of the three genotypes were morphologically similar.
ABA sensitivity during seed germination is altered in proportion to AtCLO4 expression As seed germination is regulated by ABA, we tested whether or not the expression of AtCLO4 would affect seed germination in terms of its response to ABA (Fig. 5A) . The seed germination rates of the atclo4 mutant, WT and AtCLO4-Ox lines were similar in the absence of ABA. However, in the presence of ABA (0.2, 0.5, 1 and 2 mM), the seed germination rate of the atclo4 mutant was clearly much lower than that of the WT, while the seed germination rate of AtCLO4-Ox was significantly higher than that of the WT. These differences were particularly evident in the 2 mM ABA treatment: 38% of the WT seeds and 18% of atclo4 seeds germinated in comparison with 62% of Ox6-6 seeds and 80% of Ox7-1 seeds. This result supports the concept that ABA sensitivity changes in proportion to the AtCLO4 expression level, with-in comparison with the WTthe loss-of-function line becoming more sensitive to ABA and the line overexpressing AtCLO4 becoming more insensitive. Treatment with exogenous ABA was found to affect the expression of AtCLO4, with AtCLO4 expression in the WT plant decreasing rapidly 1 h after the application of ABA (Fig. 5B) . These data demonstrated that AtCLO4 functioned as a negative regulator of ABA signaling and that its down-regulation by ABA represents a negative feedback loop for ABA response.
Loss of function of AtCLO4 confers drought tolerance by closing ABA-hypersensitive stomata
Plants respond to water stress/dehydration by closing/opening stomata to control water loss from the leaf tissue, and ABA plays a critical role in regulating this response. Based on the experimental results, we conjectured prospective roles for AtCLO4 in the guard cells as a negative regulator in ABA signaling. We therefore determined the drought tolerability of the atclo4 mutant and AtCLO4-Ox lines compared with the WT. Two-week-old plants were dehydrated by withholding water. After 2 weeks of drought stress, the majority (71%) of the atclo4 mutant plants had survived and formed siliques. In comparison, approximately 47 and 34% of the WT and AtCLO4-Ox plants, respectively, had survived, and none of these showed growth, ultimately dying from complete desiccation (Fig. 6A, B) . The water loss rates of the detached rosette leaves were then measured: water loss occurred more slowly in detached leaves of the atclo4 mutant than in those of WT plants, indicating an increased drought tolerance of the atclo4 mutant; in comparison, AtCLO4-Ox lines lost water slightly but significantly faster than the WT (Fig. 6C) . Stomatal responses to ABA were then compared among the atclo4 mutant, WT and AtCLO4-Ox lines. Prior to ABA treatment, the detached leaves were incubated in a buffer solution under strong light conditions for 1 h to obtain fully opened stomata. The epidermal peels were then treated with 5 mM ABA for 2 h and the width of the stomatal opening measured. Compared with the WT, guard cells of the atclo4 mutant exhibited a greater sensitivity to ABA-induced stomatal closure. In contrast, the overexpression of AtCLO4 increased the insensitivity of stomatal movement relative to that of the WT (Fig. 6D) . These results suggest that the reduced size of stomatal aperture induced by the loss of function of AtCLO4 helped the atclo4 mutant plants tolerate water loss during the dehydration treatment.
The atclo4 mutant was hypersensitive to NaCl and mannitol during seed germination Both the drought and salt stress signaling pathways are important in osmotic homeostasis, and ABA plays a critical role in these processes (Xiong et al. 2002 , Zhu 2002 ). To test whether or not the alterations in ABA sensitivity resulting from knock-out or overexpression of AtCLO4 also affect the response to osmotic stresses that induce increases in ABA levels in plants, seeds of the WT, atclo4 mutant and AtCLO4-Ox lines were germinated on Murashige and Skoog (MS) media containing various concentrations of NaCl and mannitol. As shown in Fig. 7A , the germination rate of the WT seeds decreased significantly with increasing salt concentrations. The atclo4 mutant was more sensitive than the WT, while the germination rate of AtCLO4-Ox lines (Ox6-6 and Ox7-1) was less affected than those of the WT and atclo4 mutant. For example, the application of 200 mM NaCl decreased the germination rates Fig. 7 Effect of NaCl and mannitol stresses on germination of atclo4 mutant and AtCLO4-Ox lines. Seeds of atclo4 mutant (KO), WT and two AtCLO4-Ox lines (Ox6-6 and Ox7-1) were germinated in MS medium supplemented with various concentrations of (A) NaCl or (B) mannitol. The germination rates were measured on day 4. The data are given as the average value ± SD of three individual experiments (n = 30).
of the WT and atclo4 seeds to 30 and 15%, respectively, whereas AtCLO4-Ox seeds retained a 60% (Ox6-6) or 65% (Ox7-1) germination rate under the same conditions (Fig. 7A) . In the mannitol treatment, the seeds of the three different genotypes (WT, atclo4 mutant and AtCLO4-Ox lines) showed the same pattern of response, with the atclo4 mutant being more sensitive than the WT and the AtCLO4-Ox lines being less sensitive (Fig. 7B) . In the 300 mM mannitol treatment, the germination rate of the WT and atclo4 seeds decreased to 66 and 42%, respectively, whereas the overexpressing lines retained 80% (Ox6-6) and 82% (Ox7-1) germination rates.
As expected, the alteration of AtCLO4 gene expression affected sensitivities to osmotic stresses in accordance with the altered sensitivity to ABA.
AtCLO4 knock-out enhances the expression of key genes involved in ABA-dependent pathways
In an attempt to elucidate the regulatory roles of AtCLO4 in planta, we investigated the expression profiles of ABF3 (ABA-responsive element-binding Factor 3), ABF4 and ABI1 (ABA insensitive 1), which are key components of ABA-dependent pathways, regulating numerous ABA responses in Arabidopsis (Sreenivasulu et al. 2007) , by quantitative real-time-PCR (qRT-PCR) using WT, atclo4 and AtCLO4-Ox seedlings exposed to 100 mM ABA. In the absence of ABA, the expression of all tested genes was low, and each level was not affected by the altered AtCLO4 expression. Following exposure to exogenous ABA for 3 h, the expression of ABF3, ABF4 and ABI1 was enhanced to a much greater extent in the atclo4 mutant than in the WT (Fig. 8) . In contrast, the expression of ABF3 and ABF4 genes was down-regulated in the AtCLO4-Ox lines when exposed to ABA for 1 h (Fig. 8) .
Our results demonstrated that the AtCLO4 protein did indeed act as a negative regulator of ABA responses, so that its knock-out led to the enhanced expression of key regulatory genes in ABA-dependent pathways, such as ABF3, ABF4 and ABI1, under the ABA stress condition.
Discussion
AtCLO4 is a stress-responsive Ca 2+ -binding protein expressed in non-seed tissues All caleosin-related family proteins contain a single calcium-binding motif at the N-terminus that binds a single Ca 2+ cation with low affinity, a central hydrophobic domain responsible for protein targeting to OB, and putative protein kinase phosphorylation sites at the C-terminus (Frandsen et al. 1996) . Although the exact function of caleosins remains to be characterized, recent studies on the Arabidopsis OB-associated CLO1 (AtCLO1), which is known to function in the degradation of storage lipid in OBs and to display Ca 2+ -dependent peroxygenase activity in the oxylipin signaling pathway, suggest that AtCLO1 is actively involved in a wide range of physiological functions in seeds. Such functions have not yet been definitively characterized, however, and it has been reported that a single mutation in AtCLO1 did not result in any apparent difference from the WT during seed germination (Hanano et al. 2006 , Poxleitner et al. 2006 .
The very presence of caleosin-like sequences in non-seed tissues of Arabidopsis as well as in non-seed plants, such as mosses, single-celled algae and Selaginella tamariscina (Liu et al. 2008, Partridge and Murphy 2009) , suggests the possibility that caleosin proteins have another role(s) in addition to those in seed development and germination. It has been reported very recently that AtCLO3 is an OB-associated protein whose transcript is strongly induced in non-seed tissues in response to ABA and abiotic stresses (Aubert et al. 2010) , and it may function in the stress-related oxylipin signaling pathway (Partridge and Murphy 2009). Aubert et al. (2010) also reported that the atclo3 (referred to as rd20) knock-out mutant is more sensitive to drought stress than the WT. However, with the exception of AtCLO1 and AtCLO3, the physiological role(s) of the other four caleosin-like genes annotated in the Arabidopsis genome remain to be characterized. Two studies on the caleosin isoform AtCLO4, which is expressed at very low levels in vegetative tissues and barely responds to ABA or salt or drought stresses, do provide some clues (Naested et al. 2000, Partridge and Murphy 2009 ). The authors of these studies suggest that AtCLO4 may have unrecognized role(s) other than possible roles in seed development and germination or in the plant's response to environmental stresses.
In contrast to the results previously reported for AtCLO4, our experiments using Pro AtCLO4 :GUS transgenic lines clearly demonstrate that AtCLO4 was expressed in the vascular bundles in all of the major plant tissues tested, including the root, leaf, stem and flower, and that it was highly expressed in the guard cells of stomata but barely expressed in dry seeds prior to germination (Fig. 3) . Furthermore, AtCLO4 expression was down-regulated by exogenous ABA application (Fig. 5D) or under the salt stress condition ( Supplementary Fig. S1 ), in a manner opposite to the expression patterns of AtCLO3, which is strongly induced by ABA or salt (Partridge and Murphy 2009). As expected, a search of the PLACE database (http://www.dna. affrc.go.jp/PLACE/) (data not shown) revealed that the putative promoter sequences of AtCLO4 contain several ABA/ stress-responsive cis-elements, such as ABRE (ABA-responsive element) or DRE (dehydration-responsive element).
These spatial and temporal expression profiles of AtCLO4 plus its deregulation by ABA or salt stress indicate that AtCLO4 is a newly characterized stress-responsive caleosin isoform expressed in non-seed tissues. Similar to other caleosins, AtCLO4 might possess peroxygenase activity, based on its Ca 2+ -binding ability (Fig. 1A) and the presence of two conserved histidines ( Supplementary Fig. S2 )-two properties known to be essential for the peroxygenase activity of caleosin proteins (Hanano et al. 2006) . We also confirmed that AtCLO4 localizes to OBs (Fig. 2) . Therefore, on the basis of our results and those of previous studies, we conclude that AtCLO4 plays a specific role during both seed germination and stress responses by participating in the process of lipid modification and/or degradation in non-seed tissues as the OB-associated putative peroxygenase.
AtCLO4 acts as a negative regulator of ABA responses in Arabidopsis.
The first caleosin-like sequence identified was reported to be up-regulated in rice caryopses in response to ABA and osmotic stresses (Frandsen et al. 1996) . One of the caleosin-like sequences in Arabidopsis, AtCLO3 (referred to as RD20), which is expressed in both non-seed tissues and guard cells, is induced by dehydration, salt stress and ABA, and its knock-out mutant leads to reduced drought tolerance by enhancing stomatal opening compared with the WT (Aubert et al. 2010) . Interestingly, however, AtCLO4 is down-regulated by ABA and high salt, while it is expressed in non-seed tissues as well as guard cells, suggesting that AtCLO4 might also be involved in the ABA response. It is well known that ABA plays a critical role in seed germination and stomatal movement, and that both drought and salt stresses induce ABA biosynthesis, which in turns triggers the ABA-dependent pathway (Zhu 2002) .
We suggest that our study has produced several lines of evidence supporting our proposal that the OB-associated, Ca 2+ -binding AtCLO4 protein acts as a novel component of ABA responses (Fig. 9) . First, the atclo4 seed was shown to be hypersensitive to ABA, whereas AtCLO4-Ox seeds conferred hyposensitivity (Fig. 5A) . We suggest that this result indicates the possibility that the AtCLO4 protein may negatively regulate ABA inhibition of seed germination. Secondly, the atclo4 mutant plants appeared to be more tolerant than WT plants to drought stress and they lost water from the detached leaves more slowly by enhancing stomatal closing ( Fig. 6 and Supplementary Fig. S3 ). Thirdly, the atclo4 mutant was also hypersensitive to salt and mannitol during seed germination, while AtCLO4-Ox lines were less affected (Fig. 7) . Fourthly, the expression of the AtCLO4 gene was down-regulated by ABA (Fig. 5B) . Down-regulation of some negative regulators of ABA signaling has also been reported in Arabidopsis, e.g. ROP10 (Zheng et al. 2002) , DOR (Zhang et al. 2008 ) and RACK1 (Guo et al. 2009 ABA responses during seed germination, stomatal closure, etc. ABF3 and ABF4, were up-regulated in the atclo4 mutant, while they were down-regulated in the AtCLO4-Ox lines, by the exogenous application of ABA (Fig. 8) .
ABF3 and ABF4, as basic leucine zipper transcription factors, are known to be involved in ABA-dependent pathways (Sreenivasulu et al. 2007 ). Kang et al. (2002) reported that the constitutive overexpression of ABF3 or ABF4 exhibits similar responses to those of the atclo4 mutant, such as hypersensitivity to ABA, drought tolerance through the enhancement of stomatal closure and hypersensitivity to salt during germination. Likewise, both knock-out mutants of ABF3 and ABF4 show similar responses to AtCLO4-Ox lines, including a partial insensitivity to ABA and susceptibility to drought (Kim et al. 2004 , Finkelstein et al. 2005 ). However, ABF3-or ABF4-overexpressing plants respond normally to mannitol during germination (Kang et al. 2002) , in contrast to the atclo4 mutant (Fig. 7B) , indicating that AtCLO4 might also be involved in the osmotic signaling pathways in addition to the ABA-dependent pathways that are mediated by ABF3 and ABF4. On the other hand, both ABF3-and ABF4-overexpressing plants induce ABI1 gene expression (Kang et al. 2002) as was also observed in the atclo4 mutant (Fig. 8) . ABI1, a PP2C, is a negative regulator of ABA responses (Gosti et al. 1999 ), but it is still unclear whether the increased ABI1 level plays a positive or a negative role in stomatal closing (Kang et al. 2002) . However, our finding that the ABA-induced reduction of AtCLO4 expression in the WT plants (Fig. 5B) was abolished in an abi1-1 background ( Supplementary Fig.  S4 ) suggests that ABI1 may be participating in this ABA repression of AtCLO4.
Taken together, our findings indicate that AtCLO4 functions as a negative regulator of ABA responses and that any alteration in AtCLO4 expression in Arabidopsis is sufficient to change ABA responses, including ABA sensitivity, drought tolerance and sensitivity to osmotic stresses, during germination. Although it remains unclear how exactly the ABF3 and ABF4 genes mediate the ABA-dependent pathway in atclo4 mutant and AtCLO4-Ox plants, it is possible that AtCLO4-as an OB-associated putative peroxygenase-might affect lipid signaling or/and modification, as has been proposed for AtCLO3 (Aubert et al. 2010) , with the resulting lipid signaling molecules, such as sphingolipids (Worrall et al. 2003) , contributing to ABA responses in Arabidopsis.
Materials and Methods

Plant growth conditions
The ecotype of Arabidopsis thaliana used in this study was descended from the Columbia (Col-0) WT. Seeds of the WT and all transgenic plants were germinated on MS medium (Murashige and Skoog, 1962) or Sunshine potting soil #5 (Sungro), and the plants were grown under fluorescent light at 2500 lux, 40% relative humidity and a long-day photoperiod (16 h light/25 C; 8 h dark/22 C).
Expression and purification of AtCLO4 and EMSA
The pET-32b expression vector (Novagen) was used to construct recombinant AtCLO4. The AtCLO4 coding region was amplified with two primers, ORF-32b-S (5 0 -CAT GGA TCC AAT GGC TTC CTC TAT TTC CAC TGG-3 0 ) and ORF-32b-As (5 0 -CAT GAG CTC TGG ATG TTT CTT AGA AGT TTT AGA AGA TCT-3 0 ), digested with BamHI and SalI, and then cloned into pET-32b pre-cut with the same restriction enzymes. This construct was transformed into E. coli BL21(DE3)RIL (Novagen). Expression of the fusion protein was induced by adding 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) to cell cultures that were grown for an additional 3 h at 37
C. This protein was purified using Ni-NTA chromatography (Qiagen) according to the manufacturer's instructions. The amount of protein was estimated by the Bradford method using a protein assay kit (BioRad).
An EMSA was carried out using the protocol of Chen et al. (1999) with slight modifications. Recombinant AtCLO4 protein (10 mg) was mixed with 2 mM Ca 2+ or 10 mM EGTA and incubated for 10 min at room temperature. The mixed protein was separated by 15% SDS-PAGE and the products visualized by Coomassie Brilliant Blue staining or transferred onto a polyvinylidene fluoride (PVDF) membrane (Immobilon-P; Millipore). Western blot analysis was performed using anti-His antibody (Pharmacia Biotechnology). The positive signals were detected by exposing the film to ECL western blotting reagent (Pharmacia Biotechnology).
Subcellular localization of the smGFP fusion protein
For transient expression in onion epidermal cells, the AtCLO4::smGFP gene fusion was constructed under the control of the CaMV 35S promoter (35S:AtCLO4::smGFP). After bombardment, epidermal peels were plasmolyzed by incubating on a solid MS medium supplemented with 10 g l À1 sucrose in the dark for 16 h. Samples were stained with Nile Red (Sigma) to detect OBs, and then visualized using an Olympus BX-51 fluorescence microscope.
GUS histochemical staining and transverse section analysis
To construct Pro AtCLO4 :GUS transgenic plants, we amplified 2,880 bp of the promoter region that contains sequences immediately before the start codon of the AtCLO4 gene by PCR using Arabidopsis genomic DNA. The PCR fragment was cloned into pBI101 (Clontech) and the construct was then transformed into Agrobacterium tumefaciens strain GV3101 using the freeze-thaw method as described by Xie et al. (2001) . Agrobacterium tumefaciens-mediated in planta transformation of Arabidopsis was performed according to the method of Clough and Bent (1998) . Transgenic plants were screened on 1Â MS medium containing 1% (w/v) sucrose and 50 mg l À1 kanamycin, transferred to soil and grown to maturity. For GUS histochemical staining, samples were incubated overnight with X-Gluc solution [1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronate, 10 mM Na 2 EDTA, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, 0.1% (v/v) Triton X-100, 50 mM Na-PO 4 buffer, pH 7.0] at 37 C. After staining, the Chl-containing tissues were cleared in an ascending series of ethanol (50, 70 and 100%; 30 min at each concentration) and then observed under a microscope (OLYMPUS model BX-51).
Transverse section analysis was performed after the GUS staining to enable a better assessment of the GUS signals. The GUS-stained stems and lateral roots were fixed in a solution containing 50% ethanol, 50% acetic acid and 10% formaldehyde, at 4 C for 16 h. The samples were then dehydrated in an ascending ethanol series (50, 60, 70, 80, 90 and 3Â 100%) and embedded using the Spurr Low Viscosity kit (Ted Pella). The Spurr resin-embedded samples were sliced into 1 mm sections on an ultramicrotome (RMC MT X) and visualized by staining with safranin-O.
Identification of theT-DNA insertion line and construction of the AtCLO4-overexpressing lines
The T-DNA insertion line (SALK_090861) was obtained from the SALK Institute via the NASC for mutant analysis. The insertion was identified by genomic PCR using the following primers: LBa1 (5 0 -TGG TTC ACG TAG TGG GCC ATC G-3 0 ), AtCLO4-ORF-S (5 0 -ATG GCT TCC TCT ATT TCC ACT GG-3 0 ) and AtCLO4-ORF-AS (5 0 -TGG ATG TTT CTT AGA AGT TTT AGA AGA TCT-3 0 ). To generate AtCLO4-overexpressing transgenic Arabidopsis plants, we cloned the AtCLO4 full-length open reading frame (588 bp) into the binary plant transformation vector pCAMBIA 1300 and then transformed the construct into A. tumefaciens strain GV3101 using the freeze-thaw method as described by Xie et al. (2001) . Agrobacterium tumefaciens-mediated in planta transformation of Arabidopsis was performed according to the method of Clough and Bent (1998) . Transgenic plants were screened on 1Â MS medium containing 1% (w/v) sucrose and 50 mg l À1 hygromycin, transferred to soil and grown to maturity. Three independent T 3 homozygous lines were selected for further studies.
Seed germination assays under stress conditions
For the germination test, seeds were surface-sterilized and then placed at 4 C for 4 d in the dark prior to germination. Germination assays were carried out in three replicates of 30 seeds each. To determine the effect of ABA or NaCl stress on germination, MS media supplemented with various concentrations of ABA (0.2, 0.5, 1 and 2 mM), NaCl (100, 150, 200 and 250 mM) or mannitol (100, 200 and 300 mM) were used. Seeds were considered to have germinated when the radicle protruded through the seed coat. The germination rate was calculated as a percentage of the total number of seeds plated.
Drought treatment and measurement of water loss
For the drought treatment, Arabidopsis plants grown on soil for 2 weeks were subjected to water deprivation (stress) by withholding water for 2 weeks. The experiment was carried out in triplicate, and the number of surviving plants was scored as the percentage of the total plants.
To measure the water loss, detached leaves from 3-week-old plants were placed on filter papers with the abaxial side of the leaf on the filter paper, kept at room temperature and weighed at several different times. Water loss was calculated as the percentage of initial fresh weight at each time point.
Measurement of stomatal aperture
To measure stomatal closure, rosette leaves of 3-week-old plants were detached and floated on the opening solution (5 mM MES-KOH, 20 mM KCl, pH 6.15) and incubated under light for 1 h. ABA was added to the solution to assay for stomatal closing. After a 2 h ABA treatment, stomatal apertures in epidermal peels were observed under a microscope (OLYMPUS model BX-51). Control experiments (no ABA) were performed in parallel.
Analysis of RNA expression
Total RNA was isolated from leaves using TRIZOL Õ reagent (GibcoBRL) according to the manufacturer's instructions. The amount and quality of the total RNA was checked by spectrophotometry (optical density 260/280) and by electrophoresis in a 1.2% agarose gel/formaldehyde electrophoresis system. A 5 mg aliquot of total RNA was reverse transcribed using Superscript TM III reverse transcriptase (Clontech). For RT-PCR analysis, the PCR cycling conditions consisted of 33-38 cycles of 95 C for 20 s, 53 C for 20 s and 72 C for 40 s, followed by a 3 min final extension at 72 C. qRT-PCR was performed by the SYBR Green method using the LightCycler Real-Time PCR System (Roche). Relative amounts of transcripts were calculated by the comparative C T (threshold cycle number at the cross-point between the amplification plot and the threshold) method and values were normalized to the internal eIF4a1 control. Each RNA sample was run in triplicate and repeated in two independent sets. All gene-specific primers used are presented in Supplementary Table S1 .
Supplementary data
Supplementary data are available at PCP online. 
